The sinusoidal endothelial cells present in the liver (LSECs) are tipically characterized by the presence of pores (fenestrae). During some pathological conditions LSECs undergo "capillarization", a process characterized by loss of fenestrations and acquisition of a vascular phenotype. In chronic liver disease capillarization has been reported to precede the development of fibrosis. LSECs modification in the setting of HCV infection is currently poorly investigated. Considering that HCV accounts for important changes in hepatocytes and in view of the intimate connection between hepatocytes and LSECs, here we set out to study in great detail the LSECs modifications in individuals with HCV-dependent chronic hepatitis. Electron microscopy analysis, and evaluation of CD32, CD31 and caveolin-1 expression showed that in HCV infection LSECs display major morphological changes but maintain their phenotypical identity. Capillarization was observed only in cases at initial stages of fibrosis. Our findings showed that the severity of LSECs modifications appears to be correlated with hepatocytes damage and fibrosis stage providing novel insight in the pathogenesis of HCV-chronic hepatitis.
www.nature.com/scientificreports www.nature.com/scientificreports/ cirrhosis through distinct events 19 . Despite common pathophysiological aspects of chronic hepatitis, differences are emerging in the mechanisms, even when "similar" causes, such as hepatitis B and hepatitis C virus-related cirrhosis 19 . This study was aimed to investigate the sinusoidal endothelial cells modification occurring in HCV-infected patients to verify whether LSECs in these patients differ from those affected by non-HCV-induced liver fibrosis.
Results
Baseline clinical characteristics. Demographic and clinical features of our cohort of HCV patients are reported in Table 1 . Of the 24 patients enrolled, 58.4% were female. Median age was 50.6 years. Fibrosis stage was S2 for 6 cases (25%), S3 for 2 cases (8.3%), S4 for 7 cases (29.2%), and S5-S6 for 9 cases (37.5%) ( Table 1 ). The genotyping results showed that the majority (75%) of the patients were infected by genotype 1. The proportion for genotype 1 among patients with different stage of fibrosis showed an equal distribution ( Table 2) .
As controls, six HCV-negative subjects were also enrolled in the study. There was no significant difference as regard to the age and sex between the different groups ( Table 1 ). Comparisons of the clinical characteristics between HCV positive or negative patients revealed comparable distributions of fibrosis stage (Table 1 ).
Ultrastructural analysis of HCV infected liver. Transmission electron microscopy was used to study the ultrastructural LSECs modifications occurring in the course of HCV infection. The typical morphological features of sinusoids, i.e. thin and fenestrated endothelium covering the space of Disse (Fig. 1a ) were rarely observed. All liver samples from the HCV-infected patients showed different grades of cell injury, affecting both sinusoidal compartment and parenchyma. Sinusoidal lumen was frequently filled with amorphous material such as fibrin clot and cellular debris ( Fig. 1b) ; this condition was often associated to unusual phagocytic capacity displayed by LSECs, demonstrated by the presence of long microvilli protruding at the cell surface that enclose particulate material, and by the observation of vacuoles with ingested material inside the cytoplasm (Fig. 1c,d ).
Of note, LSECs capillarization ( Fig. 2a ,b) was found in few cases (4/24) which were all diagnosed with S2 fibrosis stage ( Fig. 2f ; Supplementary Table S1 ). On the contrary, the analysis of the sinusoidal walls in liver samples from HCV-negative patients often showed the presence of continuous endothelial lining, associated with appearance of extracellular matrix deposition in Disse's spaces resembling a basement membranes of vascular endothelium ( Supplementary Fig S1) . In the HCV infected livers LSECs showed various degrees of degeneration, ranging from cell swelling to deterioration and discontinuity in the endothelial lining, with the occurrence of gaps through which hepatocytes surface take direct contact with sinusoidal lumen ( Fig. 2c-e ). These latter dramatic alterations were observed in cases showing a fibrosis stage of S5-S6 (p ≤ 0.0001) ( Fig. 2f ). No correlation was found between the degree of LSECs alterations and virological and/or biochimical characteristics of the patients ( Supplementary Table S1 ), while an association was observed with the extent of hepatocytes ultrastructural changes induced by HCV, consisting in endoplasmic reticulum dilatation, mitochondria abnormalities, and the presence of lipid inclusions, a large number of lysosomes, autophagosomes and lamellar bodies ( Fig. 3 ).
LSEC staining profile for CD32, CD31. Immunohistochemistry was used to characterize the LSECs phenotype. To this aim the expression of CD32, a protein marker of LSECs, and CD31, a marker of vascular endothelial cells, were assessed. Results obtained showed that expression of CD32 was not lost in HCV infected samples ( Fig. 4a,b ). Apparently in contrast with the positivity of CD32, the immunohistochemical staining for www.nature.com/scientificreports www.nature.com/scientificreports/ the vascular marker CD31 also showed a positive reaction ( Fig. 4c,d ). To better clarify whether the same cells co-expressed both markers, double immunofluorescence with CD32 and CD31 was carried out and analyzed under confocal laser scanning microscope. Results obtained showed that both markers were present on cells but with distinct sites of localization: CD32 was localized at the level of plasma membrane, while CD31 was visible inside the cytoplasm ( Fig. 4 ). Interestingly it has been reported that in normal LSECs CD31 could have a cytoplasmic localization, whereas dedifferentiated/capillarised LSECs demonstrated expression of the protein at the cell surface 20 .
Caveolin-1 expression. Caveolin 1 (CAV-1), the principal scaffolding protein of caveolae, is present lining the walls of fenestrations 21 . Thus detailed localization of CAV-1 was analyzed by laser scanning confocal microscopy. In control liver the expression of CAV-1 was restricted to the sinusoidal walls, which exhibited a uniform and continuous labeling; no staining was observed at the parenchyma level ( Fig. 5Aa ). In the liver of HCV positive individuals LSECs maintained the positivity for CAV-1, even if the immunoreactivity was not regular along the endothelial layer, probably as a consequence of the morphological changes of these cells. Interestingly HCV-infected cases displayed positive reaction into hepatocytes. Different kinds of immunoreactivity pattern were found: the labeling was detected only in the cytoplasm or in both the cytoplasm and nucleus ( Fig. 5A,B ). In addition the staining was present as diffuse in the cytoplasm or concentrated in dots ( Fig. 5B ). We found that the different distribution of CAV-1 into hepatocytes correlated with LSECs modifications, in fact all cases presenting capillarization displayed absence of hepatocytes nuclear labeling, while 100% of cases in which LSECs appeared discontinuous displayed hepatocytes labeling not only in the cytoplasm but also in the nucleus ( Fig. 6A; Supplementary Fig. S2 ). Analysis of CAV-1 expression demonstrated that the larger part of S0-S2 cases displayed absence of hepatocyte nuclear staining and faint cytoplasmic expression ( Supplementary Fig. S3 ). Interestingly, a significant statistic association was detected between the nuclear expression and the fibrosis stage (P < 0.01) ( Fig. 6B ). www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
Microcirculation of the liver is unique among epithelial organs because it is not made by capillaries but by sinusoids. One of the peculiarity of the liver sinusoids is the presence a special endothelium characterized by the lack of a typical basement membrane and by the presence of fenestrations forming the so-called sieve plates 22 . A variety of agents and liver diseases influence the number and the size of fenestrae 7 . During fibrosis, there is a modification of LSECs that has been indicated as capillarization. This term indicate that these cells change their phenotype and become ordinary capillary, in particular, they lose the fenestrae peculiar of LSECs 23 . Although different opinions have been formulated on factors that influence LSECs modifications, the exact mechanism www.nature.com/scientificreports www.nature.com/scientificreports/ remains unknown and needs to be examined further. Most of the studied have investigated LSECs capillarization in humans alcoholic liver disease, or in experimental nonalcoholic fatty liver disease, as well as "in vitro" systems on isolated cells 16, 24 . Both in animal models of cirrhosis and in humans after exposure to hepatotoxins, it has been shown that defenestration of the liver sinusoidal endothelium takes place at the beginning of the pathogenesis of cirrhosis 25 . Here we have focused on LSECs morphological alterations occurring in the setting of HCV infection. As resulted by electron microscopy analysis of liver samples at different stages of fibrosis, we provided evidences of a number of distinct ultrastructural abnormalities. We found the presence of long microvilli and large ingested vacuoles inside the cytoplasm; such features are typical of activated phenotype and differ from those of LSECs of normal liver, which are characterized by smooth surface, Considering the great amount of cell debris and material present into the sinusoidal lumen, which presumably saturated the scavenger capacity of Kupffer cells, the observation that LSECs may display phagocytic activity is not surprising, as also previously described 26 .
Interestingly we observed sinusoidal capillarization only in the S2 stage of HCV infected livers. It has been demonstrated that fibrosis-associated sinusoidal capillarization is aggravated by deletion of liver X receptor alfa (LXRα) 27 . Thus the absence of capillarization in our cases could be linked to the fact that both HCV core and NS5A proteins indirectly induce upregulation of LXRα 28 . It is very likely that capillarization of LSECs occurs with different dynamics in a variety of liver pathologies and it probably represents one among different kind of changes occurring in sinusoids during chronic liver diseases 29 . We also observed cell swelling and presence of large gaps (which appeared as a discontinuity in the sinusoidal wall). However, although the LSECs undergo these profound changes they maintain the peculiar phenotypic markers. Under physiological conditions sinusoidal endothelial cells express specific markers, such as CD32 [30] [31] [32] . Our data showed that the presence of CD32 was maintained in livers of HCV patients, thus providing evidence of morphological abnormalities of liver sinusoidal endothelium in the presence of phenotypically normal LSECs.
The severity of changes we observed does not correlate with patients serum levels of HCV RNA, but appears to be associated to hepatocytes structural lesions and fibrosis stage. It can be hypothesized that the LSECs modifications, in HCV infected liver, could be dependent on the amount of virus into the hepatocytes 33 . Indeed, the crosstalk with the closely juxtaposed hepatocytes is of fundamental importance to preserve the hepatic sinusoidal endothelial cells differentiation. Since hepatocytes and endothelium do not establish direct cell contacts, this modulation is thought to be exerted by secreted factors 34 . Data from a prior report on isolated primary liver www.nature.com/scientificreports www.nature.com/scientificreports/ endothelial cells showed that LSECs are sensed by virus replication into hepatocytes and are able to produce an autocrine interferon signaling 35 .
Sinusoidal endothelial cells abundantly express caveolin-1, the major component of the caveolae structure. Cav-1 was originally identified lining the walls of fenestrations 21 . Currently, the expression of Cav-1 in HCV www.nature.com/scientificreports www.nature.com/scientificreports/ related liver pathogenesis remains largely unknown, even though an overexpression of Cav-1 in liver sinusoidal endothelial cells has been reported in late-stage cirrhosis 36 . However, this observation could be due to the fact that the Cav-1 expression which is one of the main cholesterol-binding proteins, can be induced in the cirrhotic liver due to higher levels of cholesterol 37 . In this study, for the first time, we demonstrate a pattern of distribution of CAV-1 into hepatocytes of HCV-infected patients which differs from uninfected livers. Our results show a specific localization of caveolin in the nucleus and in cytoplasmic compartments. The nuclear localization of Cav-1 has been reported to be involved in gene transcription regulation 38 , and a role of CAV1 in autophagy induction has been reported 39 . In this regard it is interesting to note that HCV controls and modifies the biogenesis of autophagosomes for its own replication 40 .
In conclusion, we showed in our cohort of HCV infected patients, that LSECs undergo morphological changes associated to hepatocytes damage. Our results provide a further confirm of the idea previously reported 41 , that LSECs are sensitive to HCV replication in hepatocytes and can actively respond playing a defensive role. A larger number of patients should be analyzed to further enhance the significance of our findings, however this study has the merit of being the first to provide detailed ultrastructural evidences of what happens in the sinusoidal compartment of the liver as a consequence of HCV chronic infection. New insights in HCV induced liver injury, can help to design alternative therapeutic strategies upon removal of the causative agent, in the era of virus eradication with direct-acting antivirals (DAAs).
Methods
Patients and sample collection. 24 consecutive patients diagnosed as infected by HCV, from the Infectious and Liver Diseases Unit at National Institute for Infectious Diseases (INMI) "Lazzaro Spallanzani" in Rome, Italy, were enrolled for this study. Partecipants to this study were included according to the following criteria: chronic HCV hepatitis assessed by liver biopsy and persistence of viral RNA in serum. Exclusion criteria www.nature.com/scientificreports www.nature.com/scientificreports/ were: HBV or HIV positivity, and use of alcohol or recreational drugs. Hemophiliac patients or individuals with other liver diseases were also excluded. Liver samples were obtained by liver biopsy performed on clinical indications for staging the liver injury. Peripheral blood samples were collected from patients for routine laboratory markers and biomarkers.
All enrolled patients in the study provided written informed consent to the research use of their biological samples, according to the Declaration of Helsinki principles. The study was approved by the Institutional Ethic Board (IEB) of the National Institute for Infectious Diseases "L. Spallanzani" (approval number: 41/2013). All data have been made anonymous to protect the confidentiality of participants.
Furthermore six, HCV negative liver specimens were obtained from retrospective cases within the local pathology archive (i.e. liver biopsy not selected for the purpose of the study). Replicate blocks were utilized, no longer required to be maintained on records. Cases considered included 2 primary sclerosing cholangitis, and 4 autoimmune hepatitis Presence of hepatitis B and/or human immunodeficiency virus, or alcoholic liver disease were considered exclusion criteria.
Histological analyses. Liver biopsies were fixed in 10% neutral-buffered formalin, and paraffin-embedded.
Sections of liver (4 μm) were stained with hematoxylin and eosin (H&E) and with Masson's trichome for collagen fibers for assessment of liver fibrosis. For each biopsy sample was evaluated the histological activity index (HAI) and fibrosis according to the Ishak grading system for disease stage and grade 42 .
Transmission electron microscopy analysis. Liver samples were processed for electron microscopy as previously described 43 . Specimens were fixed with 2.5% glutaraldehyde (Assing Spa) in 0.1 M cacodylate buffer for 1 h at 4 °C, and postfixed in 1% osmium tetroxide (Sigma-Aldrich) in 0.1 M cacodylate buffer. Samples were then dehydrated in graded ethanol and embedded in Epon resin. Thin sections were observed under a Zeiss EM900 transmission electron microscope. Images were captured with a digital camera Mega View II (SIS, Soft Imaging System GmbH, Munster, Germany).
To study LSECs ultrastructural morphology, liver blocks from all enrolled patients were analyzed by transmission electron microscopy. For each patient, five to six different non-overlapping areas containing sinusoidal spaces were randomly selected and investigated at different electron magnifications (ranging from 7000x to 50000x). At least ten micrographs per sample were captured. Representative images were shown in all Figures.
Immunohistochemistry and immunofluorescence.
Deparaffinized and rehydrated sections were used for immunohistochemistry, as previously described 44 . Liver sections were immersed in 10 mM sodium citrate, pH 6.0, and microwaved for antigen retrieval. After incubation with rabbit anti-CD31 (Novus) (1:100) and rabbit anti-CD32 (Abcam), 1:100 primary antibodies, a streptavidin-biotin-immunoperoxidase system with DAB (Biogenex, San Ramon, CA) as chromogen substrates was used to visualize positive reaction 45 .
For immunofluorescence, liver biopsy sections were incubated with rabbit anti-CD31 (Novus) (1:100), rabbit anti-CD32 (Abcam), 1:100, and rabbit anti-caveolin-1 (Santa Cruz) 1:100 primary antibodies overnight at 4 °C. Samples were then incubated with Alexa Fluor 488 or Alexa Fluor 594 conjugated goat anti-rabbit secondary antibodies for 1 h at 37 °C. Analysis of fluorescence was performed with a TCS SP2 confocal laser-scanning microscope (Leica Microsystems, Wetzlar, Germany). Digital images using a 63X objective (zoom factor 2X) were obtained separately in both channels and acquired with Leica Confocal Software (LCS) 43 .
The quantitative assessment of caveolin-1 distribution was performed analyzing 5 cases per class of patients grouped according to the fibrosis stage (S0-S2, S3-S4, S5-S6). Evaluation of immune-positivity distribution was made in blind using at least five fields per sample (63 × objective). Representative images were shown in all Figures.
Statistical analysis. Data were analysed using Prism GraphPad 5.0 software. Non-parametric, two-tailed, one-way ANOVA test was performed. Results with a P value of 0.05 or lower were considered statistically significant. To test for a potential association between study variables the Chi-square test was used.
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